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http:WHAT THIS PAPER ADDS
The proximal ﬁxation of a stent graft has been improved but the distal ﬁxation and interconnections depend on
self-expansion forces only. This experimental study demonstrates that pulsatile ﬂow through a tubular untapered
stent graft causes displacement forces of similar magnitude at both ends of the stent graft and induces graft
movements. Peak forces are close to those previously reported to be required to extract a stent graft. The forces
and movements increase with increased graft angulation and perfusion pressure but not with stroke rate.
Improved anchoring of the distal end of stent grafts may be considered.Objectives: Stent graft migration inﬂuences the long-term durability of endovascular aortic repair. Flow-induced
displacement forces acting on the attachment zones may contribute to migration. Proximal ﬁxation of aortic stent
grafts has been improved by using hooks, while distal ﬁxation and stent graft interconnections depend on self-
expansion forces only. We hypothesized that ﬂow-induced displacement forces would be signiﬁcant at the distal
end, and would correlate with graft movements.
Methods: As part of an experimental study, an iliac limb stent graft was inserted in a pulsatile ﬂow model similar
to aortic in vivo conditions, and ﬁxedemounted at its proximal and distal ends to strain gauge load cells. Peak
displacement forces at both ends and pulsatile graft movement were recorded at different graft angulations (0e
90), perfusion pressures (145/80, 170/90, or 195/100 mmHg), and stroke frequencies (60e100 b.p.m.).
Results: Flow-induced forces were of the same magnitude at the proximal and distal end of the stent graft (peak
1.8 N). Both the forces and graft movement increased with angulation and perfusion pressure, but not with
stroke rate. Graft movement reached a maximum of 0.29  0.01 mm per stroke despite ﬁxed ends. There were
strong correlations between proximal and distal displacement forces (r ¼ 0.97, p < .001), and between
displacement forces and graft movement (r ¼ 0.98, p < .001).
Conclusions: Pulsatile ﬂow through a tubular untapered stent graft causes forces of similar magnitude at both
ends and induces pulsatile graft movements in its unsupported mid-section. Peak forces are close to those
previously reported to be required to extract a stent graft. The forces and movements increase with increasing
graft angulation and perfusion pressure. Improved anchoring of the distal end of stent grafts may be considered.
 2013 European Society for Vascular Surgery. Published by Elsevier Ltd. All rights reserved.
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Endovascular aortic repair (EVAR) signiﬁcantly reduces
short-term morbidity and mortality in the treatment of
abdominal aortic aneurysms compared with open repair,
but it has a higher rate of late complications and reinter-
ventions.1,2 Two serious complications are stent graft
migration and type I and III endoleaks. Both migration andresponding author. H. Roos, Department of Vascular Surgery, Sahl-
University Hospital, SE-413 45 Gothenburg, Sweden.
il address: hakan.roos@vgregion.se (H. Roos).
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//dx.doi.org/10.1016/j.ejvs.2013.11.015endoleaks are closely associated with the anchoring of the
stent graft. Modern stent graft designs effectively prevent
distal migration of the proximal end by using hooks or
barbs3 while distal ﬁxation and stent graft interconnections
still depend on stent expansion only. Studies have shown
that the force needed to extract a stent graft anchored
solely by the self-expanding force of the stent is in the 2e
4 N range.3e6
Flow through a tubular construction induces a force on
the tube wall. In the case of an angulated stent graft, the
force is mainly due to perfusion pressure, while the shear
force contributes only 1e3%.7e10 The force is transferred
through the tube structure to the upstream (proximal) and
downstream (distal) tube attachments and may also cause
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have estimated the magnitude of these forces,7e9,11 but
none of the previous studies have directly measured ﬂow-
induced displacement forces acting on an endovascular
stent graft and their relation to graft conﬁguration and the
movements of the graft.
We hypothesized that the displacement forces induced
by pulsatile ﬂow are substantial in both the proximal and
distal attachment of an iliac limb stent graft, and that these
forces could induce pulsatile movement of the graft. To test
the hypothesis, a pulsatile ﬂow model was constructed. A
stent graft was inserted in the model and forces and graft
movement were quantiﬁed at different clinically relevant
stent graft angulations, perfusion pressures, and stroke
frequencies.Figure 1. PerfusMATERIALS AND METHODS
Aortic perfusion model
A pulsatile ﬂow model was constructed to mimic in vivo
aortic pressures12 and to establish a ﬂow that was in the
range of expected physiological ﬂow through an iliac limb
stent graft. The model is shown in Fig. 1. To resemble aortic
perfusion, water at room temperature was perfused in a
circuit consisting of a roller pump (HL-10; Gambro, Lund,
Sweden) and ½00 silicone tubing (Sorin Group, Milan, Italy).
Peripheral resistance was achieved with water-/air-ﬁlled
container in combination with pinch valves. By adjusting the
pinch valves and water level in the containers, the ﬂuid
pressure could be altered with high accuracy. To minimize
disturbances in the pulse curve, an additional water-/air-ion model.
264 H. Roos et al.ﬁlled container was connected to the circuit directly after
the roller pump.
A Gore Excluder iliac limb stent graft (135  16 mm; W. L.
Gore & Associates, Inc., Newark, DE, USA) was inserted into
the circuit and anchored at its proximal and distal ends to
strain gauge load cells (Tadea-Huntleigh Model 1004; Vishay
Transducers, Malvern, PA, USA). The measurement range of
the load cells was 0e2.8 N proximally and 0e5.6 N distally.
The error of the load cells was 0.0007% and calibration was
done with weights. Anchoring of the graft was done with
3  2400 (8e0) Softsilk ligatures (Syneture, Mansﬁeld, MA,
USA). To enable traction-free connections at the load cells,
30-mm-long tubes of Gore-tex stretch vascular graft
(diameter 16 mm; W. L. Gore & Associates, Inc., Newark, DE,
USA) were used as interconnections between the silicone
tubing and the connectors mounted to the load cells.
Computer triggering of the pump, programmed in Lab-
view (National Instruments, Austin, TX, USA), gave a pul-
satile ﬂow of very high periodicity and reproducibility. The
pressure pulse wave was measured with the Safedraw
transducer blood-sampling set (Argon Critical Care Systems,
Singapore), connected to the circuit at ½00e½00 connectors
with a Luer lock side-arm. Zero calibration to air was done
at the level of the proximal end of the stent graft. A Solar
8000 patient monitor (GE-Marquette, Milwaukee, WI, USA)
was used to display the pressure curves. Matlab (Math-
works, Inc., Natick, MA, USA) was used for post-processing
of the data.
The distal end of the stent graft was connected to an
adjustable side-arm of the mechanical model to allow
angulation of the stent graft. The stent graft angulation was
altered to pre-set angulations of 0, 45, or 90. The cur-
vature of the stent graft was evenly distributed over the
entire length.Force measurement
Measurements were conducted at perfusion pressures of
145/80, 170/90, and 195/100 mmHg. Zero leveling and in
situ calibration of perfusion pressure were performed
before each measurement. The pinch valves were adjusted
to achieve the pressure desired for each test. At each
perfusion pressure, stent graft angulation was set to 0, 45,Figure 2. Pressure pulse waveform (A) and ﬂow-induced force (B). Both
195/100 perfusion pressure and 90 angle.and 90. The measurements were repeated at stroke fre-
quencies of 60, 80, and 100 b.p.m. The mean ﬂow rate was
1.38, 1.54, and 1.68 L/minute for each stroke rate. The ﬂow
rates presented are the average of ﬁve measurements. All
measurements were performed ﬁve times, with data
collection during 8e12 repeated strokes depending on
frequency. Pressures and forces are presented as
means  standard deviation. The model induced pressure
curves that were highly reproducible, had minimal variation
between consecutive strokes, and had a pulse waveform
similar to the human aortic pressure curve (Fig. 2A).Measurement of graft movement
Graft movement was measured at all angulations and
perfusion pressures at 80 b.p.m. Experiments were video-
recorded to measure movement. A CCD camera, Imager
pro X 4M (Lavision, Goettingen, Germany) with
2048  2048 pixel resolution with a 105-mm lens was used.
Images were captured at 15 Hz. Post-processing was per-
formed using the Davis software package (Lavision, Goet-
tingen, Germany). Stent graft movement was evaluated by
image cross-correlation with images of unloaded stent
graft. The processing algorithm can evaluate displacement
with a resolution of 0.1 pixel, which gives a resolution of
0.005 mm regarding stent graft displacement for the cam-
era ﬁeld of view used (100  100 mm2). The results were
averaged over seven pulses.
RESULTS
Flow-induced displacement forces
The resulting displacement force curves have similar shape
and similar temporal behavior to those of the perfusion
pressure curve (Fig. 2). Forces increased signiﬁcantly with
graft angulation and perfusion pressure, but not with stroke
rate (Table 1, Fig. 3). The highest forces were measured at
90 and 195/100 mmHg, where the peak displacement
force was approximately 25 times greater than at a perfu-
sion pressure of 145/80 and no angulation.
The magnitude of the displacement forces was similar at
the proximal and distal ends of the stent graft (peak 1.71 N
and 1. 77 N, respectively) and there was a highly signiﬁcantcurves shows mean and range for 10 repeated measurements at
Table 1. Flow-induced displacement forces (N) at the proximal and distal end of the stent graft at different stroke rates, perfusion pressures
and stent graft angles. Mean  standard deviation.
Proximal Distal
Angle Angle
0 45 90 0 45 90
Stroke rate 60
145/80 0.00  0.07 0.26  0.07 0.85  0.07 0.07  0.01 0.34  0.05 0.92  0.03
170/90 0.01  0.07 0.47  0.07 1.28  0.04 0.12  0.02 0.57  0.07 1.36  0.01
195/100 0.04  0.07 0.69  0.11 1.69  0.03 0.18  0.03 0.83  0.07 1.78  0.02
Stroke rate 80
145/80 0.05  0.01 0.42  0.05 0.85  0.02 0.03  0.06 0.45  0.03 0.86  0.03
170/90 0.08  0.04 0.63  0.02 1.28  0.05 0.11  0.03 0.68  0.02 1.32  0.05
195/100 0.11  0.04 0.86  0.03 1.70  0.07 0.17  0.04 0.94  0.02 1.76  0.06
Stroke rate 100
145/80 0.06  0.01 0.43  0.02 1.01  0.12 0.07  0.01 0.42  0.03 1.02  0.08
170/90 0.08  0.01 0.58  0.03 1.35  0.07 0.12  0.01 0.62  0.04 1.39  0.03
195/100 0.10  0.01 0.80  0.06 1.71  0.05 0.20  0.02 0.89  0.05 1.77  0.03
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forces at all perfusion pressures and angulations (r ¼ .97,
p < .001, Fig. 4A).Graft movement
The movement of the graft is shown in Table 2. The
movement was greatest at 195/100 perfusion pressure and
90 angulation, and under these circumstances it reached
0.29 mm despite the fact that the graft was ﬁxed at the
ends. The movement was largest in the mid-portion of the
graft and diminished toward the ends; see Fig. 5, where the
direction of the movement is also shown. There was a
highly signiﬁcant correlation between displacement force
and graft movement at all perfusion pressures and angu-
lations (r ¼ .98, p < .001).
DISCUSSION
The main ﬁndings of this experimental study were that
ﬂow-induced displacement forces are of the same magni-
tude at the proximal and distal end of a stent graft, and thatFigure 3. Peak force at the distal strain gauge cell at 80 b.p.m. at
different perfusion pressures and stent graft angles.forces increase with graft angulation and perfusion pressure
but not with stroke rate. Pulsatile graft movements are also
dependent on pressure and angulation, and show a linear
correlation with the displacement forces.
The risk of stent graft migration is a serious disadvantage
of EVAR; 10e32% of EVAR reinterventions are for migration
and endoleaks in limb extensions and interpositions.13e15
The proximal attachment zone of a modern aortic stent
graft has been equipped with hooks or barbs to prevent
migration while ﬁxation of the distal end and in-
terconnections still depends on stent expansion and over-
sizing only. Since proximal migration in the distal landing
zone contributes to complications and reinterventions after
EVAR, we hypothesized that the displacement force acting
on the distal end of a stent graft and stent graft in-
terconnections would also be substantial. To test this hy-
pothesis and to better understand the causes of stent graft
movement and distal migration, we characterized for the
ﬁrst time the ﬂow-induced forces at the proximal and distal
ends of a stent graft and their correlation to pulsatile graft
movement in a perfusion model. We found that the ﬂow-
induced forces affecting a stent graft were of the same
magnitude at the proximal and distal ends of the graft. The
maximum forces (1.7e1.8 N) should be related to most
commonly reported range of force required to pull out a
non barbed stent grafts (2e4 N).3e7 Our results indicate
that the safety margin in the non-ﬁxed distal connection is
small, and may in fact be inadequate if perfusion pressure
and angulation increase further.
Sideways movement of aortic stent grafts in the aneu-
rysm sac observed on axial computed tomography (CT)
sections during follow-up are more common in large an-
eurysms, and have been shown to signiﬁcantly increase the
risk of secondary interventions, sac enlargement, type I and
III endoleaks, and stent graft migration.16 Signiﬁcant
extraction forces at the distal end of the stent graft and
pulsatile graft movement may explain sideways movement
of the stent graft over time, and also subsequent stent graft
migration. Thrombus formation may contribute to external
support but the extent of this support is hard to predict.
Figure 4. Correlation between proximal and distal displacement forces (A) and between proximal displacement force and stent graft
sideways movement (B).
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viously in a few studies. In computational studies, Li et al.11
showed that ﬂow-induced forces are higher in grafts of
larger diameter and in grafts with a large difference in
diameter between the main trunk and the iliac extension.
Liffman et al.7,17 performed mathematical and mechanical
analyses of displacement forces and, in accordance with the
present study, showed that the force is dependent on
perfusion pressure and stent graft angulation. Displacement
forces in stent grafts and the importance of angulation and
blood pressure have also been investigated in a computa-
tional study by Figueroa et al.9 and the same group has
reported on sideways movement of stent grafts detected
with CT.16 A computational study has also calculated forces
acting on stent grafts in speciﬁc anatomies, and angulation
was again the main factor determining ﬂow-induced
forces.8 In an experimental study, Volodos et al.18
measured perfusion pressure-induced forces in PTFE
grafts. Measurements were made under static pressure and
pulsatile conditions, with a peak pressure of 120 mmHg. The
authors found that the distal end of the stent graft was
subject to a retrograde displacement force by the pulsatile
arterial ﬂow, which is in accordance with the present study.
Graft movements were not registered in the study by
Volodos et al.
In the present study, we measured displacement forces at
the proximal and distal ends of the graft. Angulation was
essential for generating displacement forces, suggesting
that redirection of ﬂow is a major determinant. To compare
the displacement forces to previous reports, the resulting
force on the mid-portion of the graft, perpendicular to the
graft wall, can be calculated from the formula
F ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
proximal force2 þ distal force2
p
. The maximumTable 2. Sideways movement of the stent graft (mm) at different
perfusion pressures and stent graft angles. Stroke rate 80.
Mean  standard deviation.
0 45 90
145/80 0.07  0.01 0.13  0.003 0.22  0.01
170/90 0.08  0.01 0.19  0.01 0.28  0.01
195/100 0.10  0.01 0.20  0.01 0.29  0.01resulting force in our model can thus be calculated to be
2.46 N, which is similar to that in previous computational
studies.11 This is also illustrated in Fig. 5, where the
maximum movement was registered in the mid-portion of
the graft with the same direction as the resulting force.
Since the aorto-iliac anatomy of the patient can only be
inﬂuenced to a certain degree by the graft, stent grafts will
adapt to the anatomy of the individual patient. If possible, a
stent graft placement that minimizes angulation would be
preferable. In smaller and less angulated aneurysms,
displacement forces may not be signiﬁcant, but in larger
and elongated aneurysms with substantial iliac or aortic
angulation, displacement forces may reach a critical level
and result in migration of the stent graft, especially if no or
limited stabilizing thrombus is present in the aneurysm sac.
This may lead to pulsatile graft movement and subsequent
sideways movement of the stent graft, and also increased
angulation due to bending of the graft. Furthermore, new,
more ﬂexible stent grafts may be more prone to sideways
movement and increased angulation.
The present study had important limitations. Our model
enables measurement of forces and movement during
pulsatile ﬂow through a vascular stent graft, but the results
cannot be extrapolated directly to the clinical situation. We
used water at room temperature with lower viscosity than
blood, which makes the model more conservative. Water
has the advantage of a density close to that of blood. An
alternative medium would have been a glycerol/water
mixture. But a glycerol/water mixture has a markedly higher
density (1172 kg/m3) than both blood (1060 kg/m3) and
water (1000 kg/m3).19 Since our results suggest that redi-
rection of ﬂow is a more important factor for displacement
forces than shear stress, a similar density is more important
than a similar viscosity to mimic the in vivo situation.10
Sideways movement was limited by the stent graft’s ﬁxed
anchoring to the strain gauge load cells. The shape of the
bend may inﬂuence forces, but in the present study only
evenly distributed curvatures of the stent graft were stud-
ied. The range of pressures used in the study may exceed
the normal blood pressures in EVAR patients. We used an
untapered tubular graft instead of a standard bifurcated or
Figure 5. Sideways movement of the stent graft at 195/100
perfusion pressure and 90 angle.
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Accordingly, we may have underestimated the true extent
of ﬂow-induced forces acting on a stent graft. Finally, it is
acknowledged that our results and conclusions are limited
to the type of graft used in the study. Further studies with
different stent grafts and sizes are warranted.
In conclusion, we have demonstrated that in an experi-
mental setting the ﬂow-induced displacement forces acting
on an iliac limb stent graft are signiﬁcant, and of the same
magnitude at the proximal and distal ends of the graft. The
forces are dependent on the perfusion pressure and the
angulation between the proximal and distal landing zones,
and are associated with pulsatile movement of the graft.
Further development of stent grafts may be needed to
avoid distal migration and interconnection displacement.
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